The specific medical purpose for which the present instrument was designed is the intercompartmental transfer by diffusion of radioactive sulfate, S3504, injected intravenously into human subjects. Since only a few micrograms of labeled sulfate is thus injected, the normal blood sulfate concentration remains essentially undisturbed. In normal subjects, the tracer rapidly mixes with the blood and diffuses into the rest of the extracellular fluid (ECF). It is assumed that such mixing occurs in a time short compared with the volume-to-volume diffusion processes. Tracer is also removed from the blood by the kidneys and eventually appears in the urine. From the extracellular volume, a small amount of tracer diffuses into the cells. In patients with edema and/or ascites, diffusion also occurs into these expanded portions of the extracellular volume.
The blood plasma compartment of the body represents a fairly well-defined single volume. On the other hand, many of the other volumes with which we are concerned, such as the cell volume, represent the sum of a large number of separate elemental volumes. The lumping of such elements into a single "average" volume usually turns out to be an excellent approximation. The volume of a compartment in a tracer experiment is not necessarily its total physical volume but, by definition, is that part of such volume which is accessible to the tracer employed. Thus, at final equilibrium, the magnitude of the compartment as measured by the specific tracer used will be proportional to the amount of labeled material (proportional to counting rate for a radioactive tracer) in the compartment. Therefore, the volumes with which one is concerned in a tracer experiment should be designated "tracer spaces," e.g. "radiosulfate space," in the present experiment. In many cases, a tracer material can be found whose corresponding volumes of distribution approximate quite closely to the physical volumes of interest in the biological system. The above picture, and its corresponding translation to electrical terms, is correct only if it is assumed that uniform concentration of tracer within any compartment is achieved by mixing and internal diffusion in a time short compared to the time required for intercompartmental diffusion. Although this condition is only approximately met in practice in some compartments, the good agreement often obtained between theory and experiment indicates that it is usually not of paramount importance.
THE DIFFUSION ANALOGUE
When the equilibrium state of a biological system involves concentration differences across membranes, diffusion is not necessarily the driving force for tracer transfer across the membrane. In such a case, the differential equations governing radioactive tracer distribution between two volumes, Va and Vb, should be written in terms of specific tracer activities, Sa In the biological problem which the present machine was designed to solve, it is a good approximation to assume that the final equilibrium state of the system is that of equal solute concentrations in all volumes of distribution. For this case transfer occurs by diffusion, and the above equations may be rewritten in terms of tracer concentrations (or quantities proportional thereto, such as counting rate per unit volume). We then obtain dma dca dt=vadt= The results of a biological experiment are the initial tracer charge, mo, and one or more curves of concentration versus time. The essence of the use of an electrical analogue for analyzing such curves is to derive from it voltages, V(T), which can, in some fashion, be compared with the experimental concentration curves. Then, the analogue elements, applied voltage, etc., are adjusted until V(T) versus T is of the same form as one of the concentration curves. The conversion factors may then be evaluated and used in conjunction with the final values of the electrical parameters to yield the desired volumes and rate constants of the biological system which led to the experimental curves. Since different concentration curves may often be obtained from concurrent measurements in two or more separate volumes of the biological system, whereas analysis of the system can often be carried out with only one such curve, a valuable internal check of the correctness of the assumed biological model is available. When only one curve is used to obtain the system interconnection and parameters, the output of the analogue may be then switched to yield a voltage proportional to the concentration in another volume. Good agreement indicates that the model and parameter choice obtained from the analogue are good approximations for the actual system.
DESCRIPTION OF APPARATUS
In this machine, accurate comparison between the cycled output of the electrical analogue and the biological experimental data is carried out by using a graph on which are plotted the experimental concentration curves. The analogue output appears on the graph as a light spot swept across the graph in the +x direction once each cycle. The spot is derived from a fast-acting galvanometer and is used to plot out the analogue output on the graph. High accuracy is achieved with this comparison method, and the analogue elements may be rapidly adjusted to make the spot follow a given experimental curve over its entire length. 3 The capacitor, and the bottom ones refer to one of the other analogue capacitances. To obtain precise and reproducible initiation of each cycle, the switching relays are energized electrically at the beginning of the cycle rather than at the end. Synchronism between the electrical charge-discharge cycle and the x-axis spot sweep is accomplished by turning on the charging and discharge relays by separate microswitches which, in turn, are actuated by cams rigidly connected to the sweepcam shaft. The beginning of the cycle when the charged capacitor begins to discharge is made to occur by this means at exactly the time that the galvanometer spot reaches x = 0 and starts along the marked portion of the graph paper.
A retrace blanking cam (Fig. 6) eliminates the spot during the 0.5-second retrace time. The semitransparent graph paper containing the experimental curves is clamped at the corners over a transparent plastic surface, curved along the x-axis to reduce optical errors. It is viewed from above.
The galvanometer, of low mass and rapid action, with a natural resonant frequency of several hundred cycles, is damped by the 0-to 500-ohm sensitivity rheostat (Fig. 5) . Another sensitivity adjustment is afforded by the "scale" helipot (Fig. 5) that controls the magnitude of the total current which passes through the galvanometer and its damping resistor for a given input voltage. With 500 ohms damping, the sensitivity of the system is such that, for any applied voltage from 10 to 0.1 volt, more than seven times as great a current may be applied to the galvanometer as is required to displace the spot the full length of the y-axis on the graph. When the sensitivity is further increased by decreasing the scale resistance even more, the linear relation between input voltage and output current suddenly fails as the amplifier is called on to deliver more current than it is capable of handling. To operate the machine, the graph paper, with experimental curves plotted, is positioned so that the cycle begins at x = 0, and the spot follows the x-axis with zero applied voltage. Analogue elements and applied voltage are then adjusted until the spot follows one of the curves as closely as possible over its entire length. Finally, for checking purposes, the amplifier input may be switched to another of the analogue capacitors corresponding to one of the additional experimental curves on the graph, and the degree of fit observed between the spot motion and the selected curve.
Despite the absence of spot persistence, it is a simple matter to adjust the analogue elements to achieve correspondence between experiment and analogue. Further, the analogue output can be taken from one of the capacitors which represents an inaccessible volume in the biological system, such as the cell volume. Hence, valuable information is obtained concerning concentration changes in such volumes. Finally, after analogue adjustment the paths of the spot for all the different capacitances can be accurately drawn on the graph in a very short time, yielding a permanent record of the concentration curves for all the volumes of the system. Alternatively, a permanent record can be obtained when photographic paper is used in place of the graph paper. Since the tracer is not always injected into the blood, provision is made that any of the five analogue capacitors can be charged while all the others are shorted during retrace. In addition, the voltage across any one of the capacitors can be used to drive the galvanometer.
The intrinsic linearity of the system was first assessed by static methods. With no current through the galvanometer, the sweep motor may be turned by hand and the spot positions noted on the graph for each of the thirty full revolutions required for the spot to traverse the x-axis completely. Such a test was carried out and the deviations from linearity evaluated. The deviations found were almost too small to observe and were less than 0.5 % of the full sweep length anywhere in the sweep.
A static test of the y-axis linearity for various x values can be carried out by plotting V0, as read off the helipot dial, versus the y-axis spot position from full deflection to zero. Again, the maximum deviation was found to be extremely small and certainly amounted to no more than 0.5 % of full deflection.
A dynamic test of the system as a whole is afforded by fitting to single exponential decay curves. A number of such theoretical curves having time constants varying over a range of several hundred were plotted on the same graph. Then, with a single analogue resistance and capacitance, the corresponding time constant was adjusted to make the spot follow one of the theoretical curves. It was found that this was possible for all the curves and that the degree of fit was equally good on all. Because the fit was so good, it was difficult to estimate the maximum error. As far as the eye could tell, it was possible to make the spot follow any of the curves exactly. Thus, the dynamic error is also of the order of 0.5 % or less.
Although the intrinsic accuracy of the machine, including the analogue elements, is of the order of 1 %, it is not always possible to derive the system parameters from a single experimental curve to this accuracy even in the absence of any error in the experimental data on which the curve is based. Even though the shape of any curve is determined by all the elements of the system and the element values are unique for a given system, the curve shape will be a more sensitive function of some elements than of others. Although added accuracy can be obtained by carrying out the analysis in steps by plotting the data on a graph with several different time scales, analyzing the curves for the shortest scale first, then using the resulting analogue element values in fitting the next, and so on, there are some cases where element changes of as much as 10 % or more produce no very appreciable change of the curve followed by the galvanometer spot. This will be particularly the case if the element changed is separated by several diffusion constants (resistances) from the capacitance whose voltage is observed.
The situation is quite different when more than one concentration curve can be obtained. Then, the voltages across the capacitors corresponding to the volumes associated with these additional curves may be directly compared with the concentration curves and a much more sensitive adjustment of the parameter values is possible. Were curves available for all the volumes of the system, all the parameters could be found to within 1 or 2 %. In the edema-ascites case, one curve is generally available when three volumes are present, two with four volumes, and three with five volumes. The accuracy of the elements of the system derived from the analogue will generally range from 1 or 2 % for the most sensitive elements to 5 to 10 % for those least sensitive whose concentration curves are unavailable.
These conclusions are illustrated in Figs. 7 and 8 , which show experimental points derived from a patient with ascites and solid curves drawn by recording the path of the light spot on the graph after best adjustment of the analogue elements. Figure 7 shows the fit obtainable for the blood and ascites concentration curves plotted on a linear scale 12.5 hours long. It shows the details of the curves clearly from 1 hour on. The log-log presentation of Fig. 8 is included to show the curves in more detail for short times. To obtain the machine-produced curves shown in Fig. 8, the medical data were plotted on a linear graph such as Fig. 7 three times, with scale lengths of 12.5, 2.5, and 0.625 hour. The capacitance settings were kept constant, and the analogue resistances were increased by factors of first 5 and then 4 to pass from the curves of 12.5-to 2.5-hour scale lengths, and from those of 2.5-to 0.625-hour lengths. In this fashion, accurate adjustment of those parameters such as CD and RD of most influence at short times could be carried out. The analogue curves recorded on these graphs of different time scales were then replotted in Fig. 8 . Experimentally, it was found using the machine that the blood plasma and ascites concentration curves were somewhat insensitive to the cell volume and flow rate, pc. Since this volume is relatively small, it is clear that it is not the true physical cell volume of the patient but is a tracer-space volume only. It is found that both the volume and the diffusion rate associated with this compartment depend strongly on the physical condition of the subject, and it appears that "cell" volume obtained from experiments of the present nature is probably associated with metabolic reactions involving tracer material within some but not all the body cells. For convenience, we shall continue to designate this compartment as the cell volume. In the present machine, penetration of tracer into the cells can only be treated as a simple diffusion process; in actuality, the process may involve transfer with widely different forward and reverse flow rates. This subject will be discussed at more length in the next section. When neither Pab nor Pba is zero, final equilibrium is attained when i1 = i2. Thus, the loss of charge by the current flow through Ra and Rb to ground is continuously supplied from the output of the summing amplifier. For such dynamic equilibrium to be maintained over lengthy periods, it is necessary that the summing amplifier output be very accurately equal to (Va + Vb) and that the two Ra and the two Rb resistors be accurately equal. If the circuit of Fig. 9 is used in a cycled analogue, however, equilibrium will usually not be attained during a cycle or at any rate need not be long maintained, and the above degree of accuracy will be unnecessary.
SUMMARY
An electrical analogue for the analysis of tracer distribution kinetics in compartmental biological systems is described. These systems are simulated by a network of five-decade resistors and five-decade capacitors cycled with a 1.5-second period. Voltage curves from the analogue capacitors can be compared directly with graphically plotted tracer concentration curves to high accuracy. Adjustment of analogue elements for correspondence between such voltage and concentration curves allows accurate values of the system interconnection and of tracer volumes of distribution and flow rates to be rapidly obtained. The application of the machine to analysis of concentration curves obtained from human subjects with ascites and/or edema is described. Finally, modifications of the apparatus are discussed which make it applicable where transient flow between volumes or transfer with differing forward and back flow rates is present.
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